ABSTRACT
INTRODUCTION
The use of pneumatic actuators presents some advantages when compared with other systems like hydraulic and electric, such as: economic operation; efficiency; durability; reliability; adaptability to hostile environments; safety for use near to flammable materials; are environmentally friendly; and have a low implementation cost [1] . However, there are nonlinearities that make difficult the position control of pneumatic actuators, such as: compressibility of the air; dead-zone; dynamic friction; and the nonlinear relation of the flow in the control holes [2] . Pneumatic systems have applications in different industries, for example: industrial automation; robotics; medical rehabilitation; automotive industries and mining plants.
Many studies about positioning systems using pneumatic actuators perform the proportional positioning through the control of the air mass flow driven to the actuator chambers, like presented in [1] [2] [3] . This type of operation limits the options of valves to the expensive proportional directional models. With the objective of cost reduction, some researches adopted cheaper on/off 2-way valves commanded by the Pulse Width Modulation (PWM) technique to the control of the air mass flow directed to the cylinder chambers. In this research, the positioning was made by the pressure control of the air directed to the front and rear chambers of the pneumatic cylinder. This configuration presents an alternative to the traditional proportional directional valves, allowing the designer to analyze the best cost x benefit to the project. The system was composed by two proportional pressure regulator valves that were set to work in double loop mode and each valve was equipped with one onboard PI controller. The PI tuning was done following the second technique proposed by Ziegler-Nichols. In this system, the valves control the air pressure inside both front and rear chambers of the cylinder. The pressure transmitters monitor these pressures and send the data to the DAQ. The setpoint is in the form 4-20mA and can comes from the process controller (local setpoint) or from the communication module with industrial protocol (remote setpoint), the selection is made by the change-over switch. The same setpoint signal is sent to the both valves, but the valve responsible to control the pressure in rear chamber receives the signal in the form 0 to 100%, while the other valve receives in the form 100 to 0%, balancing the pressures and positioning the cylinder rod in the desired position. The feedback signal comes from the linear resistive transducer located inside the cylinder rod and it is distributed to the valves, process indicator and DAQ. The process indicator, in addition to the function of showing the current cylinder position, is also responsible to supply the transducer inside the cylinder rod with 10Vcc. The Figure 1 presents the prototype developed for tests. A simplified block diagram of the system is showed in Figure 3 .
Figure 3 -Simplified block diagram of the system
In addition to the pressure transmitters installed in the pneumatic cylinder ports to allow the data collection, each valve has an internal pressure transmitter that allows the double loop configuration. This means that the valves have an internal pressure transmitter that sends the output pressure signal to the controller. Also, the PI Controller in the block diagram showed in the Figure 3 is an onboard controller located inside the proportional valves. The both controllers were tuned with the same parameters, so the block diagram is simplified with only one PI Controller to enable better understanding.
MATHEMATICAL MODELLING
The mathematical model of the system can be divided in two parts: Equation of Motion and Pressure Dynamics. The Equation of Motion describes the balance of forces, considering the friction compensation, and the Pressure Dynamics takes into account the air volume and the internal pressure variation, besides to present the relation between the front and rear chambers of the pneumatic cylinder.
The Equation of Motion and the Pressure Dynamics were defined based in the model suggested by [4] . Once the author adopted in his research a symmetrical cylinder, it was necessary to bring the model to the reality of the present research, where was adopted a non-symmetrical simple rod actuator that has different piston areas in the rear and front chambers. The Equation of Motion adopted in the present research is showed in Equation 1.
Where ̈ is the piston acceleration, ̇ is the piston velocity, is the load and piston mass ( = + ), and are the piston area in the rear and front chambers respectively, and are the pressure inside the rear and front chambers respectively, is the friction force and is the viscous friction coefficient. The Pressure Dynamics for the rear and front chambers are presented in the Equations 2 and 3.
Where is the ambient pressure, is the valve flow coefficient, is the total air volume, is the current position signal and is the maximum position signal. The friction compensation adopted was based in the model suggested by [3] and takes into account the viscous friction coefficient β and the Static-Coulomb friction force , where is defined by:
Where is the pneumatic force ( = . − . ), is the static friction force, is the Coulomb friction force and (̇) is given by:
The Figure 4 presents a schematic representation of the system.
Figure 4 -Schematic Representation of the System
The Table 1 shows the real values adopted for the parameters. 
RESULTS
The PI tuning was done following the second technique presented by Ziegler-Nichols, where a proportional gain is raised until the system reaches periodic oscillations, then it is possible to measure the critic period and apply the results in the equations. The PI parameters were defined as = 6,3 and = 1,325. The results comparison showed that, despite the simulated curve was not identical to the experimental result, the model has given a satisfactory approximation to the real response. Although the real system presented a stabilization time of 4,5s and the simulation presented a stabilization time of 16s, the transient response and errors were similar. The maximum error obtained in the permanent regime of the experimental result was 4,48mm for positive steps inputs and 3,61mm for negative steps inputs.
The comparison between the experimental and simulated results with a positive step input is showed in the Figure 5 . Other results and analysis, besides more information regarding the mathematical model development and computational simulation are described in [5] .
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